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Of mice and men
When it comes to studying ageing and the means to slow it down, mice are not just small humans

Lloyd Demetrius

All mammalian cells use similar 
molecular mechanisms to regulate
growth, replication, differentiation

and death. Even specialized cells, such as
fibroblasts or secretory epithelial cells, are
often quite similar in structure and function
between species. Mice and humans are
good examples of this metabolic homo-
geneity—they have the same organs and
systemic physiology, and they also show
great similarities in disease pathogenesis.
For example, mouse tumours have similar
histological features to comparable human
tumours. In addition, mice acquire muta-
tions in an equivalent spectrum of proto-
oncogenes and tumour suppressor genes
(Balmain & Harris, 2000). These similarities
constitute one of the main reasons why
mouse models are used to study human
disease pathogenesis and ageing
processes. They have also been the dri-
ving force behind efforts to understand
the effects on humans of caloric restric-
tion, which is the only experimental
manipulation so far shown to reduce
disease incidence and to significantly
increase both mean and maximum life-
span in mammals (Weindruch & Walford,
1988). In view of the similarities between
mice and human cells and physiology, will
caloric restriction have an impact on
humans similar to that observed in mice?
Furthermore, how appropriate is the mouse
as a model to study ageing in humans?

Answering these questions requires an
understanding of the general mechanisms
that drive the ageing process. Ageing, in its
broadest sense, is the continuous and irre-
versible decline in the efficiency of various
physiological processes once the reproduc-
tive phase of life is over (Sohal & Weindruch,
1996). Species that belong to the same

phyletic lineage and have similar rates of
senescence would therefore have similar
molecular mechanisms driving the ageing
process. Consequently, caloric restriction in
such species should have equivalent effects
on their longevity. However, species with
divergent rates of senescence would typically
have dissimilar molecular mechanisms.
When caloric restriction is imposed on such
species, the outcome on longevity may be
quite different.

Thus, to evaluate the significance of
mouse models in studies of caloric
restriction in particular, and in the

analysis of ageing in general, one ques-
tion needs to be addressed. Is the ageing
process in mice and humans character-
ized by equivalent rates of senescence

and concomitantly homologous molecu-
lar mechanisms, or are the systems distin-
guished by dissimilar rates of senescence
with correspondingly divergent underly-
ing mechanisms of ageing? In this article, 
I review various physiological, demo-
graphic and evolutionary arguments to
show that mice and humans, despite a
certain congruence in systemic physiol-
ogy and a similarity in age-associated
disease pathogenesis, have demon-
strative differences in their rates of
senescence. Consequently, the mech-
anisms underlying the ageing process
in the two species are likely to be dis-

tinct. This review is organized to a large
extent around the concept of metabolic

stability, which was introduced to explain
the large variation in lifespan observed
between species (Demetrius, 2004).
Metabolic stability, roughly speaking,
describes the capacity of cellular regula-
tory networks to maintain metabolic
homeostasis in response to stress. The
term ‘stress’ in this context is defined as
any agent of endogenous origin that dis-
rupts the rates of intracellular metabolic
conversions.

I use the metabolic stability concept to
elucidate two aspects of the phenomenon
of senescence. The first one pertains to the
proposal of a molecular mechanism for

S39

This analysis predicts that the
impact of caloric restriction on
non-obese human populations
will result in a relatively small
increase in mean lifespan and 
no change in maximum 
lifespan potential
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ageing—the progressive and irreversible
loss of function accompanied by increas-
ing mortality. The mechanism I postulate is
derived from the metabolic stability–
longevity principle (Demetrius, 2004),
which relates metabolic stability to maxi-
mal lifespan potential, and asserts that
metabolic stability is the prime determi-
nant of ageing and is positively correlated
with longevity. Accordingly, strongly stable
networks will be defined by slow rates of
ageing, whereas weakly stable networks
will be defined by rapid rates of ageing.

The second aspect explores the evolu-
tionary rationale for different rates of
senescence between species. This argu-
ment is developed in terms of directional-
ity theory, which is an analytical model
based on the concept of evolutionary
entropy as a measure of Darwinian fitness
(Demetrius, 1997). It considers the eco-
logical constraints that impinge on a pop-
ulation and their impact on the dynamics
of mutation and natural selection.
Directionality theory predicts that mice,
which have evolved under ecological
conditions that are defined by highly vari-
able resource constraints, are character-
ized by weakly stable metabolic networks
and hence fast rates of ageing. By con-
trast, humans have been subjected
throughout most of their evolutionary his-
tory to ecological constraints defined by
limited but relatively constant resources,
and are characterized by highly stable
metabolic networks and hence slow rates
of ageing.

The metabolic stability–longevity prin-
ciple has important implications for
research on caloric restriction and ageing.

Empirical studies support the hypothesis
that caloric restriction increases lifespan 
by increasing the stability of metabolic 
networks (Dhahbi et al, 2001; Cao et al,
2001). I invoke this principle to predict that
the large increases in mean and maximum
lifespan observed in mice under caloric
restriction will not appear in humans. This
analysis predicts that the impact of caloric
restriction on non-obese human popula-
tions will result in a relatively small
increase in mean lifespan and no change in
maximum lifespan potential.

Although mice share genes, organ
systems and systemic physiology
with humans, the two species differ

significantly in terms of morphometry,
physiology and life history. Humans are
about 3,000 times larger than mice, and
this size difference imposes constraints on
physiology and life history with significant
effects on the species’ ability to adapt to
environmental conditions. In the follow-
ing, I discuss the effects of the differences
in metabolic activity, disease pathogenesis
and life history.

As mice are significantly smaller than
humans, their basal metabolic rate—the
rate of energy production over a set period
of time under constant conditions—is
much less than that of man, because there
is simply less body mass and less total
energy production. However, the basal
metabolic rate per gram of body weight—
the mass-specific rate—is seven times
greater in mice than in humans. This differ-
ence in metabolic rate will have contrast-
ing effects on the senescence process in
the two species.

Reactive oxygen species (ROS) are a by-
product of energy metabolism in the mito-
chondria (Beckman & Ames, 1998). They
mediate their effects on lifespan through
two distinct mechanisms. According to
Finkel & Holbrook (2000), increased ROS

production may cause random damage to
proteins, lipids and DNA with detrimental
effects that lead to cell death. Decreased
ROS production may cause the deactiva-
tion of redox-sensitive signalling pathways
with a concomitant deleterious effect on
cell-cycle regulation. Consequently, the
generation of ROS, and the capacity of 
the cell to maintain ROS production 
within certain bounds, will be the strongest
correlate with overall longevity. 

ROS production does not necessarily
increase in proportion to mitochondrial
oxygen consumption because the free-
radical leak in the respiratory chain is not
constant. Consequently, the relationship
between the metabolic rate itself with
longevity will be quite complex, as the
studies described in Speakman et al
(2004) indicate. However, analysis of
model systems (Demetrius, 2004) sug-
gests that organisms with a small mass-
specific metabolic rate will typically be
characterized by low ROS production and
small deviations of ROS levels from the
normal state. In such organisms, the
capacity to maintain ROS levels within
certain limits is relatively strong.
Organisms with large mass-specific meta-
bolic rates will typically be characterized
by high ROS production and relatively
large deviations from their prescribed val-
ues. They will have a weak capacity to
maintain homeostasis. This difference in
homeostatic capacities has important
implications for comparing the rate of
senescence in mice and humans. Mice,
which have a higher mass-specific meta-
bolic rate, have a weak capacity to main-
tain cellular homeostasis and consequently
age relatively fast. Humans have a lower
mass-specific metabolic rate, a strong
capacity to maintain cellular homeostasis,
and accordingly, a slower rate of ageing
(Fig 1).

We can therefore conclude that mice
and humans, in spite of their similarities at
the molecular, cellular and physiological
level, show decisive dissimilarities in the
rates at which they age. These divergences
in the rate of senescence underscore the
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Fig 1 | Survivorship distribution for laboratory mice and an industrialized human population.

Simple extrapolation from
mouse models to human systems
in studies of the ageing process
may … be invalid

… mice and humans are
different beasts when it comes
to cancer—a disease typical of
old age
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fact, succinctly expressed by Rangarajan &
Weinberg (2003), that mice are not small
people. Simple extrapolation from mouse
models to human systems in studies of the
ageing process may therefore be invalid.

In addition to the differences in the
metabolic rate of the two species, there
are striking variations in disease patho-

genesis, for example, in terms of cancer
susceptibility. Assuming that tumour pro-
gression from benign to malignant is simi-
lar in both rodent and human cancers
(Fearon & Vogelstein, 1990; Dragan &
Pitot, 1992), we would infer that humans
have higher rates of cancer incidence,
given that they live, on average, 30–50
times longer than mice. Epidemiological
studies, however, show that this is not the
case. Furthermore, the dynamics of dis-
ease pathogenesis differ significantly
between the two species. In mice, the inci-
dence of invasive cancer increases expo-
nentially with age. In humans, the pattern
is more complex (Piantanelli, 1988;
DePinho, 2000): an exponential increase
of cancer incidence begins at 40 years old
and ceases at age 80. Beyond this age,
cancer incidence ultimately levels out.
Whereas cancer afflicts 30% of laboratory
rodents at the end of their 2–3-year life-
span, a comparable percentage is observed
in humans only beyond 70 years of age
(Holliday, 1996). Cancer susceptibility
studies also show that mice develop
malignant tumours with multiple genetic
alterations within a 6–18-month period,
whereas malignancy in humans usually
takes many years to impact on lifespan
(Balmain & Harris, 2000). As the inci-
dence of disease pathogenesis indicates,
mice and humans are different beasts
when it comes to cancer—a disease typical
of old age.

The term ‘life history’ describes the
age-specific fecundity and mortality
of individuals in a given population.

Certain species concentrate their repro-
ductive activity over a very narrow period
of their total lifespan, whereas others dis-
tribute their reproduction over the greater
part of their lifespan. The life history of a
population can be described by a unique
function if certain demographic con-
straints are imposed on life-history pat-
terns (Demetrius, 1997). This function is
called ‘evolutionary entropy’ (see sidebar),
owing to its formal similarity to the

entropy concept in physics. Evolutionary
entropy can be illustrated using plant 
populations: annuals are a low-entropy
species that concentrate their reproduc-
tion at a single stage in their life, whereas
high-entropy perennials allocate their
reproduction to several distinct points in
their life cycle. As Demetrius (2004)
showed, evolutionary entropy can be
expressed in terms of three demographic
components: age of sexual maturity, litter
size and reproductive span. Mice, a low-
entropy species, become sexually mature
at 35–50 days, produce a litter of 8–10
pups and have a reproductive span of two
years. Humans, a high-entropy species,
become sexually mature at 13 years of
age, give birth to one offspring at a time
and have a reproductive span of 40 years
(Figs 2,3). Mice and humans thus occupy
different positions on the entropy scale.

The significance of the evolutionary
entropy concept for ageing studies arises
from the observation that entropy is posi-
tively correlated with lifespan potential.
This relationship, which was originally
derived from model systems (Demetrius,
2004), is supported by various studies of
ageing in mammalian lineages (Austad,

1997). These empirical studies delineate
the following relationships between
demographic components and lifespan:
late age of sexual maturity, small litter size
and broad reproductive span are positively
correlated with long maximum lifespan,
whereas early age of sexual maturity, large
litter size and narrow reproductive span
are positively correlated with short maxi-
mum lifespan. In view of the characteriza-
tion of entropy in terms of the three demo-
graphic variables, we can conclude that
entropy and maximum lifespan are posi-
tively correlated.

The large divergences in physiological
properties, such as metabolic rate
and disease pathogenesis, and life-

history properties, such as evolutionary
entropy, suggest that mice and humans,
despite congruencies at the molecular and
cellular level, are significantly different in
their rate of ageing. With this in mind, new
questions arise. What are the molecular
mechanisms that underlie these diver-
gences? Can these divergences be
explained at the cellular level? These
issues, as Demetrius (2004) showed, can
be resolved in terms of the concept of
metabolic stability—a measure of the
robustness of the regulatory networks that
control cell metabolism.

The concept of metabolic stability
refers to the ability of cells to maintain
steady state values of redox couples in the
face of random perturbations in the rates
of enzymatic reactions. According to the
stability–longevity model, which forms the
cornerstone of the theory of ageing pro-
posed in Demetrius (2004), the loss of
function that comes with older age is
therefore due to the dysregulation of this
steady state, which causes fluctuations in
the concentrations of various metabolites.
The effect of these random perturbations
accumulates over time and ultimately leads
to the impairment of cellular signalling,
the dysregulation of ontogenetic events
and cell death. Accordingly, senescence is

EVOLUTIONARY ENTROPY:
AN ANALYTICAL
CHARACTERIZATION

The arguments in this article revolve
around the concept of ‘evolutionary
entropy’, which is a function of the age-
specific fecundity and survival rates of the
individuals in a given population.
Evolutionary entropy is analytically
characterized by the expression:

where p(x)dx is the probability that the
mother of a randomly chosen newborn
belongs to the age category (x,x+dx).

The function p(x) can be expressed in terms
of the survivorship distribution l(x) (the
proportion of newborns surviving to age x)
and the fecundity distribution m(x) (the
mean number of offspring produced by an
individual of age x):

p(x) = exp(–rx)l(x)m(x)

where r is the population growth rate.

The random nature of
dysregulation … suggests that
metabolic stability is not simply
correlated with lifespan, but is a
critical determinant of
longevity
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the result of spontaneous and cumulative
changes in cell metabolism during normal
development.

Metabolic dysregulation derives from
random molecular perturbations and is
thus an intrinsic property of all metabolic
processes. The point at which dysregula-
tion occurs in a metabolic network
depends on the ability of the system to
maintain cellular homeostasis in the face
of stress. This can be enhanced by factors,
such as DNA repair mechanisms, which
significantly prolong the point at which
metabolic dysregulation results in cell
death. Organisms with high metabolic sta-
bility have a strong capacity to maintain
homeostatic regulation when under stress,
whereas organisms with low metabolic
stability are defined by a weak capacity to
maintain homeostasis. These observations
imply that maximal lifespan potential is
positively correlated with metabolic sta-
bility. The random nature of dysregulation
of the steady state condition that describes

the metabolic work further suggests that
metabolic stability is not simply correlated
with lifespan, but is a critical determinant
of longevity.

Two important implications follow
immediately from this principle: the meta-
bolic stability of an organism decreases
with age and it is positively correlated with
maximum potential lifespan. The latter is
supported by various cross-species com-
parisons of metabolic stability and life-
span. Cutler (1984) studied the effects on
cells of endogenous mutagenic agents that
are known to destabilize homeostasis, and
showed that cells from longer-lived species
are intrinsically more insensitive to muta-
genic agents. Kapahi and colleagues
(1999) comprehensively studied stress
resistance in primary cultures of mam-
malian skin fibroblasts and noted that cell
stress resistance is positively correlated
with species lifespan. Consequently,
species with highly stable metabolic net-
works, such as humans, have a strong

capacity for maintaining the steady-state
values of critical metabolites under ran-
dom perturbation, and will therefore be
long-lived. Species with weakly stable
metabolic networks have a weak capacity
to maintain their homeostatic condition
and live only short lives.

So can the metabolic stability–
longevity principle be explained in
an evolutionary context? This prob-

lem can be resolved by appealing to
directionality theory (Demetrius, 1997), a
model of the evolutionary process that is
based on the concept of evolutionary
entropy as a measure of Darwinian fit-
ness. Directionality theory distinguishes
between two classes of population in
terms of their response to resource limits.
Equilibrium species spend the main part
of their evolutionary history in the station-
ary growth phase or at a fairly constant
population size. Humans are a canonical
example of an equilibrium species. Their
population has increased in size as they
moved from the hunter/gatherer state to
the agricultural and then the industrial-
ized state. Human population growth rate
was fairly slow during the hunter/gatherer
phase—between 0.007 and 0.0015 per
thousand per year—a period that repre-
sents 99% of human history. The large
increase in growth rate (to 0.36 per 1000)
when humans turned to agriculture
10,000 years ago, and the recent explo-
sion in growth rate (0.56 per 1000) since
1750, represent only 1% of human evolu-
tionary history. By contrast, opportunistic
species are subject to episodes of rapid
and exponential population growth when
resources are ample, which are followed
by sharp declines as soon as resources
become depleted. Wild mice are a typical
example of an opportunistic species.

Directionality theory revolves around
the idea that Darwinian fitness—the
demographic measure that determines the
outcome of a competition between a
mutant allele and its wild type—is charac-
terized by the robustness or demographic
stability of the population. This notion of
stability refers to the capacity of a popula-
tion to maintain its population size in the
face of chance perturbations in birth and
death rates. It is positively correlated with
the life-history parameter, evolutionary
entropy (Demetrius, 1997).

Accordingly, directionality theory pre-
dicts that mutations in equilibrium species
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Fig 3 | The net fecundity distribution V(x) = l(x)m(x) for laboratory mice and humans. The curve for
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that increase demographic stability will
have a selective advantage, as they
increase the capacity of the population to
exploit limited but constant resources in
their environment. In opportunistic
species, however, mutations that
decrease demographic stability will have
a selective advantage as they enhance the
ability of the population to quickly
exploit large variations in resource avail-
ability. It thus follows that equilibrium
species will typically be characterized by
strong demographic stability, large
entropy and, consequently, long maxi-
mum lifespan potential. Opportunistic
species are typically described by weak
demographic stability, small entropy and
a correspondingly short maximum life-
span potential.

Directionality theory also predicts the
evolutionary dynamics of metabolic sta-
bility. Evolutionary changes in demo-
graphic stability are positively correlated
with changes in metabolic stability
(Demetrius, 2004). Accordingly, equili-
brium species have metabolic networks
that are highly resistant to random pertur-
bations of endogenous origin, whereas
opportunistic species’ metabolic networks
are highly sensitive to random fluctua-
tions. These properties also entail that
equilibrium and opportunistic species will
be largely divergent in their rates of senes-
cence and in their incidence of age-related
diseases. By appealing to the relationship
between metabolic stability and longevity,
and the fact that equilibrium and oppor-
tunistic species are described by highly
and weakly stable metabolic networks,
respectively, I predict that in equilibrium
species, mortality rates increase exponen-
tially with age but abate at advanced age
(a mortality plateau), whereas they
increase exponentially with age (a
Gompertzian distribution) in opportunistic
species (Table 1).

This analysis accounts for the observa-
tion that humans, a typical equilibrium
species, consist of cells that are highly
stress resistant, whereas mice, a typical
opportunistic species, are composed of
cells with metabolic dynamics that are
highly sensitive to random perturbations.
The large differences in metabolic stability
or the robustness of the metabolic network
in humans and mice have their origin in
the different ecological constraints that
these species have endured over their evo-
lutionary history.

This conceptual framework has
important implications for under-
standing the impact of caloric

restriction on mammalian longevity. The
hypothesis that caloric restriction acts by
increasing metabolic stability, and the
observation that equilibrium and oppor-
tunistic species differ significantly in
terms of this feature, suggest that the
response to caloric restriction is different
for each species. Homo sapiens has been
subject to ecological constraints that
ensured stationary or very slow popula-
tion growth throughout most of its evolu-
tionary history and has therefore evolved
a life-history schedule defined by high
entropy: late sexual maturity, small litter
size and a maximum lifespan potential of
120 years. The high entropy condition
implies that metabolic networks in
humans are highly resistant to change.
Caloric restriction will therefore have
only negligible effects on metabolic sta-
bility and hence no effect on maximum
lifespan. However, it may have an effect
on mean lifespan by reducing the inci-
dence of diseases such as diabetes,
atherosclerosis and hypertension. But
these changes, as demographic studies
described in Keyfitz (1985) indicated, will
result in only a 3–5-year increase in life-
span—a moderate effect. Because caloric
restriction has a negligible effect on meta-
bolic stability, it exerts no effect on the
rate of ageing and hence induces no
changes to the senescence process.

Mice are classical examples of oppor-
tunistic species and are therefore defined
by low entropy: early sexual maturity,

large litter size and a maximum lifespan
potential of four years. The low entropy
condition suggests that the stability of their
metabolic networks is close to the mini-
mal condition. Because caloric restriction
increases longevity by increasing meta-
bolic stability, caloric restriction can be
expected to influence the rate of ageing
and thereby induce changes in both the
maximum and mean lifespan. Studies on
mice are consistent with this prediction
(Weindruch & Walford, 1988). 

Ishould point out here the ongoing stud-
ies of caloric restriction on lifespan in
rhesus monkeys that indicate lower dis-

ease risk and less incidence of age-related
diseases in caloric restriction monkeys
compared with controls (Roth et al,
2004). Rhesus monkeys share 92% gene
homology and many biological similari-
ties with humans in the profile of ageing.
These similarities have suggested to many
researchers that caloric restriction in
humans may result in increases in mean
and maximum lifespan that are compara-
ble with the increases observed in 
rhesus monkeys. I contend, however, that
although rhesus monkeys and humans are
both equilibrium species and should
therefore have comparable ageing pat-
terns, the effect of caloric restriction on
mean and maximum lifespan in the two
species will be quantitatively distinct
because they show significant differences
in life history. In rhesus monkeys, sexual
maturity occurs at 3–5 years of age, mean
lifespan is 25 years and maximum life-
span is estimated to be 40 years. Hence,
rhesus monkeys have lower evolutionary
entropy, and consequently a weaker
metabolic stability, than humans. This
analysis thus predicts that caloric restric-
tion will induce changes in longevity in
rhesus monkeys that are less pronounced
than in mice, but significantly more pro-
nounced than any changes that may occur
in humans.

Table 1 | Physiological and demographic properties for equilibrium and opportunistic species

Physiological and Equilibrium species Opportunistic species 
demographic properties (humans) (mice)

Metabolic stability Strong Weak

Demographic stability Large Small

Rate of senescence Slow Fast

Survivorship curve Non-Gompertzian (mortality plateau) Gompertzian

Maximum lifespan potential Long Short

… any efforts to exploit mouse
systems to elucidate human
ageing or disease must take into
account the vast differences in
the metabolic stability of the cells
within these animals
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Mouse models of human senescence
have become a central element in
many areas of biomedical research.

The significance of this system derives from
its experimental accessibility and the fact
that mice share organ systems, systemic
physiology and genes with humans.
However, any efforts to exploit mouse sys-
tems to elucidate human ageing or disease
must take into account the vast differences in
the metabolic stability of the cells within
these animals. These differences derive from
the contrasting evolutionary history of the
species as determined by their environmental
conditions and the resource constraints that
these conditions induce. An understanding
of this history, and its signature at the cellular
level—the metabolic stability, or robustness
of the cellular regulatory network—are thus
crucial in elucidating human ageing and 
disease pathogenesis from mouse models.
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